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Abstract 
 
Endotoxins are potentially toxic natural compounds that are found in the outer membranes of 
various gram-negative bacteria. Endotoxins are in large part responsible for dramatic clinical 
manifestations of infections with pathogenic gram-negative bacteria.  In order to develop a 
sensor for endotoxin that would not require special training and could withstand the conditions of 
an industrial or medical setting, we have used a method called in-vitro selection or Systematic 
Evolution of Ligands by Exponential Enrichment (SELEX) to obtain DNA aptamers with high 
specificity and selectivity for endotoxin. While we were able to confirm activity from the 
selection, we were unable to identify the active DNA. Given further work, a colorimetric or 
fluorophore-based sensor should be able to be developed based upon the DNA aptamers that 
have been isolated. 
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Chapter 1 Introduction 
i. Endotoxins and Their Impact on Health 
Endotoxins are potentially toxic natural compounds that are found in the outer cell membrane 
of various gram-negative bacteria. These compounds are also known as LPS 
(lipopolysaccharides) and consist of a polysaccharide chain and a lipid moiety known as Lipid A 
which anchors the entire molecule in the cell wall of the bacteria (Fig. 1).
1
 Endotoxins are in 
large part responsible for the dramatic clinical manifestations of infections with pathogenic 
gram-negative bacteria, such as Neisseria meningitidis, the pathogen that causes meningitis. 
These toxins are released by the bacteria either during growth or upon cell lysis
2
 and have been 
found to produce a number of physiological effects including decreased spirometry, pulmonary 
inflammation, fever, septic shock and hyper-immune responses.
3
 Humans can be exposed to 
endotoxins dermally, through ingestion and by inhalation of gram-negative bacteria. Medical 
environments with exposures through injection of intravenous drugs, medical implants, dialysis, 
and surgery are of primary concern. These toxins are also common in petroleum products and in 
metal fabrication environments wherein they are transported in the form of aerosols. Many 
ailments including skin rashes, malaise, fevers and respiratory distress have been attributed to 
endotoxin exposure from petroleum products.
4
 It is understood that there is an increased risk of 
these symptoms in workers exposed to 50 ng/mL of endotoxin. Proposed health-based 
occupational exposure limits of 50 ng/mL still leave workers in an industrial setting at high risk 
of developing fever as well as respiratory and skin related ailments along with the increasingly 
severe consequences of chronic exposure.
5
 Hence, detection of endotoxins in medical as well 
several industrial environments is essential. 
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Figure 1. (a) General architecture of endotoxins; (b)Structure of endotoxins; wherein, GluN: acetylglucosamine; Etn: 
ethanolamine; Kdo: 3-deoxy-d-manno-oct-2-ulopyranosonic acid. 
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ii. Current Methods of Detection and Need for Improved Detection Methods 
The original method for the detection of endotoxin relied on injecting endotoxin 
intravenously into the blood stream of rabbits and observing the onset of fever and mortality. 
6
 
The current USP and FDA standard is the Limulus Amebocyte Lysate (LAL) gel-clot 
method.
7
 LAL is an aqueous extract of blood cells from the horseshoe crab, which causes gel 
formation upon exposure to endotoxin. Owing to the diversity and differences across the 
population of horseshoe crabs, different sensitivity levels of LAL are available, thereby allowing 
quantitative analysis of a sample rather than a simple pass-fail method. The extracts are pooled 
together and tested for the sensitivity of response against a control standard endotoxin. 
Additional techniques based on the LAL method include kinetic and endpoint chromogenic and 
turbidimetric methods. Each method has differing sensitivity ranges and interferences extending 
applicability to various situations. The turbidimetric method utilizes the same reaction that 
occurs in the gel-clot method; however, plates and tube readers are used to measure the turbidity 
of the sample. The turbidity of the solution increases upon clotting of the sample. A 
measurement of the amount of endotoxin present in the sample is possible by measuring the rate 
of the increase in turbidity. For the chromogenic methods, a modification to the basic LAL 
extract has been made, thereby allowing for the release of a chromophore in the presence of 
endotoxin. The rate of change in optical density of the chromophore is an indication of the 
amount of endotoxin in the sample. The current testing limits utilizing materials available from 
the Associates of Cape Cod Inc. are 0.03 ng/mL, 0.001 ng/mL and 0.005 ng/mL for the gel-clot, 
turbidimetric and chromogenic methods respectively.
8,9
 The main drawback of these methods in 
an industrial environment is the large number of contaminants and interferences present.
9
 In 
metalworking fluid, high pH, high salt content and surfactants are common. All of these factors 
interfere with the performance of the LAL test; whether resulting in enhancement or inhibition of 
the amount of endotoxin in the sample. In addition to sample matrix issues, there are other 
problems associated with these methods. Both of the kinetics-based chromogenic and 
turbidimetric methods require the use of expensive equipment for measurement. The microplate 
or tube reader needed for measurement require trained technicians to properly run the 
protocol,interpret results and properly maintain the instruments. In gel-clot, the gel in a positive 
result can easily be broken by poor sample handling. Pretreatment of samples to overcome assay 
inhibition or enhancement before accurate endotoxin concentrations can be measured using LAL 
is a time consuming prerequisite.  
Gas chromatography (GC) has also been used for endotoxin detection.
10
 This method focuses 
on the detection of 3-hydroxy fatty acids for the measurement of endotoxins in a sample. One of 
the advantages of using GC is that identification of the type of bacteria present in the sample is 
possible by analysis of the fatty acids present.
11
 However, this method again requires the use of 
expensive instrumentation as well as experienced and qualified technicians for data processing 
and analysis.  
 
iii. Aptamers and Their Use as Biosensors 
The discovery that nucleic acids were more than just carriers of genetic information and 
could, in fact, bind  molecular targets and even perform catalysis in the presence of metal 
cofactors, led to the idea of using these molecules as biosensors.
12-14
 DNA and RNA molecules 
that specifically bound to molecular targets were discovered in the early 1990s
15-18
 and were 
given the name ‘aptamers,’ which stemmed from the Latin word aptus the past participle of “to 
fit.”15 Aptamers have been discovered that bind to a wide variety of analytes with high affinity 
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and specificity. The range of analytes varies from small organic molecules such as cocaine, 
adenosine, and  the antibiotics (e.g., vancomycin, and kanamycin) to complicated and large 
entities such as viral particles, prion proteins, and even whole cells.
19
 Aptamers that have been 
isolated exhibit very strong binding with the molecules that they are selected against, even in the 
low nanomolar range. In many cases the aptamer binding has been found to be as strong as 
antibodies. Based on the success and results of past experiments with such a wide range of 
analytes, theoretically, aptamers can be generated to bind to essentially any target molecule. This 
belief led the decision to isolate, identify, and characterize DNA aptamers for the detection of 
endotoxins. 
 
iv. Advantages of Using Aptamers for Detection 
a. The use of a combinatorial approach 
One of the main advantages of using aptamers in this project is the fact that they 
can be isolated through in-vitro selection for endotoxins with both high specificity 
and selectivity. Selection is carried out in the absence of animal specimens and is 
both time and cost effective relative to the antibody, LAL, approach. The binding 
affinities between many aptamers and their targets are very high. For instance, the 
Kd value obtained for the binding between a protein, namely, platelet-derived 
growth factor B-chain and its DNA aptamer, was found to be 0.1 nM
20
 while that 
for ethanolamine (which is the smallest molecule for which an aptamer has been 
obtained) and its DNA aptamer was found to be 6 nM.
21
 
 
b. Stability of DNA  
Under physiological conditions, DNA is nearly 1,000-fold more stable against 
hydrolysis than proteins (such as antibodies) and nearly 100,000-fold more stable 
than RNA. Unlike antibodies, DNA aptamers can typically be denatured and 
renatured many times without losing their binding or catalytic activity. This 
means that they can be stored under rather harsh denaturing conditions, and their 
catalytic activity is restored when permissive incubation conditions are re-
established. Due to these characteristics, DNA aptamers have a much longer shelf 
life than antibodies or RNA aptamers and are particularly suitable for field 
applications. 
 
c. Capability for practical sensing applications 
Aptamers have become ‘ideal’ diagnostic agents owing to their high affinity and 
specificity. Their sensing applications are predominantly based on target induced 
conformational changes, which can be detected by methods that include 
fluorescence quenching,
22
 excimer formation,
23
 electrochemical signal 
generation
24,25
 and a micro-fabricated cantilever technique. Another detection 
method makes use of the visible color change induced by aptamer-mediated 
disassembly of DNA-functionalized gold nanoparticles.
26
 This principle has been 
used for the creation of a lateral flow detection method for the analysis of 
adenosine and cocaine on a dipstick.
27,28
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d. In-vitro selection of aptamers 
Aptamers can be isolated in the laboratory through an in-vitro selection procedure 
also known as SELEX (Systematic Evolution of Ligands by Exponential 
Enrichment). This is a combinatorial biology technique wherein the starting point 
is a library containing up to 10
15 
random permutations of the desired DNA 
sequence. The library of DNA sequences are then exposed to the isolated target 
compound in a buffer solution mimicking conditions of future testing conditions. 
Typically every round of selection takes an average of 2 days to complete (total 
number of rounds of selection vary from 5-18). This iterative process identifies 
aptamers with high selectivity and sensitivity for the desired target. 
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Chapter 2 Methodology 
 
i. Materials 
 The selected endotoxin targets were obtained from The Associates of Cape Cod Inc. and 
Fisher Scientific. HPLC-purified DNA sequences were obtained from Integrated DNA 
Technologies Inc. (Coralville, IA). Buffers were prepared using ultrapure chemicals from Sigma-
Aldrich. The compound 2-Keto-3-deoxyoctonate ammonium salt (KDO) was also purchased 
from Sigma-Aldrich. 
 
ii. Design of DNA Library and Combinatorial Selection  
The design of the DNA library and combinatorial selection is based on the structure-
switching strategy developed by Nutiu and Li.
29,30
 The DNA library, containing up to 10
15
   
permutations, consists of two random N25 regions (Fig. 2) which are flanked by 2 primer binding 
arms and separated by a 18 base-pair fixed region. The library contains ~10
14
-10
16
 
oligonucleotides. The central fixed region is designed to be complementary to an antisense 
capture oligonucleotide that is biotinylated at its 5' end. Hybridization of this oligonucleotide to 
the DNA library allows the immobilization of the capture oligonucleotide onto an avidin column. 
Two other short oligonucleotides, P1 and P2, that are complementary to the two flanking primer 
binding regions, are introduced to prevent any tertiary interactions between the two arms.  
The immobilized DNA assembly is allowed to incubate with the target toxins, followed by 
elution. Only those aptamers that are able to bind to the toxin will switch from the bound state 
and go into the solution (Fig. 3). These bound DNA molecules are then collected and amplified 
using polymerase chain reaction (PCR). The reverse primer is designed to contain a 
ribonucleotide (designated by R) at its 3' end, so that the chimeric antisense strand generated 
during PCR amplification is prone to NaOH cleavage. The two strands can therefore be 
separated by denaturing gel electrophoresis because of the difference in length. The longer piece 
contains the binding aptamer sequence and this will be carried forward into continuing rounds of 
selection. The stringency of selection is increased by gradually reducing the concentration of the 
target molecule during elution. The ratio of the fraction of DNA eluted by target to that eluted by 
selection buffer alone is defined as the switching activity. After binding the DNA to the column 
by incubation for one hour, it was rinsed with selection buffer before elution. The rinsing 
protocol involved ten 500µL fractions called washes 1 - 10, a one hour incubation, and two 
addition washes called background 1 and 2. After every round of selection, the switching activity 
is measured until no further increase is obtained. For buffer and PCR conditions, see Appendix 
A. 
 
 
 
 
Figure 2. Design of DNA library, primers and antisense capture oligonucleotide (capture oligo). 
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Figure 3. In-vitro selection scheme of structure-switching aptamers. 
 
 
iii. Target Analytes 
LPS from two different strands of Escherichia coli (E. coli) was ordered for testing but the 
majority of the selection was performed utilizing the sample from Associates of Cape Cod. It 
was decided to test for selection of Lipid A or KDO, the inner most compound on the LPS 
structure. The benefit to selecting for this compound is that it is present only in LPS and can 
ensure that aptamer is binding to something that specifically identifies LPS and not to one of the 
sugars that could appear in other places in nature. The isolated KDO aptamer is then tested for 
activity in the presence of the full LPS structure. 
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iv. Biochemical Characterization  
DNA sequences were isolated from the mixture in the elution sample using an Invitrogen TA 
cloning kit. Cloning is performed by way of inserting sequences into a plasmid for amplification 
by chemically competent E.coli. The obtained sequences were aligned and grouped into classes 
by commonality in base pair structure. The dominant classes were tested for binding affinity to 
LPS.  
 
v. Negative Selection  
Specificity of the DNA aptamer toward the endotoxin in the presence of other contaminants 
and interfering species is an extremely important consideration while designing the in-vitro 
selection strategy. There exists a high possibility that a DNA aptamer that binds with one toxin 
may cross-react with another contaminant that is closely related in structure. The research group 
of Professor Lu has improved the metal ion selectivity of DNAzymes by introducing a “negative 
selection” strategy against binding of undesired analytes.31 In negative selection, the undesired 
analyte is used during a selection step in the place of the desired analyte (Fig. 4). The DNA 
aptamers that are capable of functioning in the presence of not only the desired analyte but also 
the contaminants are discarded and only those specific toward the target compound are retained 
and used for further selection rounds. Some of the species that could potentially interfere with 
endotoxin detection include salts, ethylenediaminetetraacetic acid (EDTA), surfactants, fatty 
acid defoamers, fatty acid corrosion inhibitors, oils found in metalworking fluids as well as -D-
glucans. Therefore, negative selection was carried out using industry metalworking fluids as 
composite solutions as well as with standard solutions of -D-glucans. 
 
 
 
 
Figure 4. Flow chart for the in-vitro selection strategy. 
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Chapter 3 Results 
 
i. LPS Selection Results 
Selection rounds were carried out using LPS and KDO as targets. A strong switching activity 
of 2.46 was first found in round 16 of LPS selection and confirmed in round 17 with an average 
activity of 1.63 and a high of 2.16. The DNA pool from round 16 was selected for cloning and 
sequencing. 
 
ii. Biochemical Characterization/Cloning  
After 16 rounds of positive selection, a strong binding affinity was observed and the resulting 
pool was selected for biochemical characterization. DNA sequences were isolated from the 
mixture in the elution sample using an Invitrogen TA cloning kit. Cloning is performed by way 
of inserting sequences into a plasmid for amplification by chemically competent E.coli. The 
obtained sequences were aligned and grouped into classes by commonality in base pair structure. 
Eighty-nine sequences, for each KDO and LPS, were isolated and grouped into classes according 
to their base pair structure. Four dominant classes were identified [Appendix B] and analyzed for 
structure on mfold
32
 [Appendix C]. These four classes of clones were tested for their switching 
activity with LPS or KDO elution, as appropriate; two different sources of LPS were compared 
(Fig. 5, 6, and 7). Class II was not used because there was not a strong correlation between the 
clones as was demonstrated in the other four classes. 
 
 
 
 
 
 
Figure 7. KDO clone selection activity. 
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iii. Continued Selection 
At the same time, attempts were made to duplicate the activity observed in round 16 and to 
enhance the specificity of the DNA pool by continuing selection rounds. After repeated attempts 
we were initially unable to duplicate these favorable results. Selection was taken back a few 
steps to Round 14b, where an enriched DNA pool of the elution fraction from Round 13 was 
utilized. Carrying forward with the enriched DNA pool provided confirmation of the previous 
activity.  
 
Troubleshooting 
Over the course of the selection rounds, it was observed in the gel electrophoresis bands that, 
PCR started to favor the cleaved band over the desired un-cleaved band. Attempts were made to 
improve the PCR amplification of the DNA pool by a series of tests (Fig. 8a-d). First we tried 
adjusting the annealing temperature and adding dimethyl sulfoxide (DMSO) to the PCR reaction 
tubes. A temperature increase or decrease of 5°C was unable to make any improvements on the 
PCR amplification (Fig. 8a) but 1% DMSO produced favorable results (Fig. 8b). Next the effect 
of unbound LPS on PCR amplification and changes to the primer ratio were tested. The presence 
of unbound LPS in the PCR reaction tube seemed to have no effect on the reaction (Fig. 8c). It 
was clear that increasing the primer ratio for Primer 3: Primer 2 from 1:1 to 2:1 was slightly 
beneficial (Fig. 8a). Lastly, the effect of adjusting the magnesium concentration was tested. It 
was found that a change to 5mM magnesium from 1mM was beneficial for increasing the 
production of the desired cleaved DNA (Fig. 8d) but no improvement in switching activity was 
observed. [See Appendix A for PCR conditions] 
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After PCR modification, selection against LPS was restarted with the preparation of ten 
50µL PCR reactions of DNA using the elution fraction from Round 13 as the DNA source. This 
ensured that there would be a larger population of the selective DNA to overcome any previous 
amplification difficulties. The results were encouraging. Switching activity progressed through 
rounds 16f, 17f and 18f at 1.01, 1.95 and 5.62 (Fig. 9). When Round 17f was duplicated a very 
strong switching activity of 7.20 was measured. These results indicate successfully isolated LPS 
specific DNA aptamers that have the potential to be utilized in a sensor application. When a 
duplicate round 18 was attempted the switching activity dropped off precipitously.  
Rounds were repeated multiple times in attempt to confirm activity. The switching activity 
results along with the ratio of the first background fraction (B1) to the first wash fraction (W1) 
for each selection round can be found in Figures 10 and 11.  
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Figure 10. LPS selection activity. 
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Figure 11. KDO selection activity. 
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Chapter 4 Discussion 
The highest switching activity achieved for LPS and KDO was 7.20 and 4.15, respectively. 
These positive results for switching activity were significantly beyond the normal switching 
activities observed. The multiple results of approximately 2 for the LPS switching activity 
suggest that there were not false positives. The major problem that we faced in the selection for 
endotoxin was the erratic results for switching activity from round to round. There were frequent 
sudden drops in switching activity when things would seem to have been going well. 
 
The culprit of the switching activity instability seems to be the PCR amplification. Over the 
course of the selection rounds, PCR started to favor the cleaved band over the desired un-cleaved 
band. It was later found by another member of Dr. Lu’s laboratory that the ideal PCR reaction 
volume was 40µL. Since our PCR reactions were standardly performed with volumes of 100 µL, 
PCR reaction volume is likely the source of some of the inconsistent DNA amplification and 
subsequent erratic switching activities that we observed. This is less likely to be a factor in the 
low switching activity observed by the clone classes. In that case, the PCR reaction volume was 
only 50 µL and therefore much closer to the ideal reaction volume than our standard procedure. 
It is suspected that the DNA pool had not been sufficiently reduced by this point in the selection 
to result in a statistically significant presence of the active DNA aptamers.  
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Chapter 5 Conclusions 
 
After 55 rounds of aptamer selection for LPS and 42 rounds of selection for KDO (including 
duplicate runs and clones), the results indicate that we were successful in isolating DNA 
aptamers for the detection of endotoxin. Unfortunately, due to difficulties experienced during the 
course of the experiment, we were unable to identify the most active DNA sequences and test 
them against negative control factors. Future work would be focused on confirming the DNA 
aptamer activity with corrected reaction conditions. Once activity has been confirmed, we would 
be able to move forward with improving the selectivity and sensitivity before developing a 
simple sensor that utilizes these optimized aptamers. 
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Appendix A 
Buffer Conditions and PCR Prep 
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Table A1. Buffer conditions 
 
 
 
 
 
 
 
 
 
 
 
Table A2. PCR prep 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Selection Buffer 
Sodium HEPES (mM) 50 
Potassium chloride (mM) 5 
Sodium chloride (mM) 100 
Magnesium chloride 
(mM) 
2.5 
pH adjusted to pH=7.3 with HCl 
Elution Buffer 
Sodium HEPES (mM) 50 
Potassium chloride (mM) 5 
Sodium chloride (mM) 100 
Magnesium chloride 
(mM) 
2.5 
pH adjusted to pH=7.3 with HCl 
LPS (µg/mL) 1.93 
PCR Prep for Clones 
Reagent Volume (uL) 
DNA 1 
Magnesium chloride 
(50mM) 
1 
10x PCR Buffer 5 
dNTP (2mM) 5 
Primer 2 (10µM) 3.75 
Primer 3 (10µM) 3.75 
α-ATP 0.5 
Platinum TAQ 1 
Water 29 
PCR Prep – Primary Conditions 
Reagent Volume (uL) 
DNA 10 
Magnesium chloride 
(50mM) 
2 
10x PCR Buffer 10 
dNTP (2mM) 10 
Primer 2 (10µM) 7.5 
Primer 3 (10µM) 7.5 
αP-ATP 1 
Platinum TAQ 1 
Water 51 
PCR Prep – modified 8/16/2011 
Reagent Volume (uL) 
DNA 10 
Magnesium chloride 
(50mM) 
2 
10x PCR Buffer 10 
dNTP (2mM) 10 
Primer 2 (10µM) 7.5 
Primer 3 (10µM) 15 
αP-ATP 1 
Platinum TAQ 1 
Water 43.5 
DMSO 1 
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Appendix B 
LPS and KDO Clones Grouped by Class 
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Figure B1. LPS clones grouped by class. Class II was not used because there was not a strong 
correlation between the clones as was demonstrated in the other four classes. 
 
 
 
Class I 
Class II 
Class III 
Class IV 
Class V 
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Figure B2. KDO clones grouped by class. 
Class I 
Class II 
Class III 
Class V 
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Appendix C 
 
LPS and KDO Clones Predicted Folding Grouped by Class 
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LPS Class I
   
 
 
  
dG = -19.99 LPS Class I (Clone 47) 
 29 
  
  
dG = -21.80 LPS Class I (Clone 21) 
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LPS Class II 
 
 
  
dG = -15.94 LPS Class II (Clone 80) 
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LPS Class III
dG = -11.41 LPS Class III (Clone 59) 
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dG = -11.84 LPS Class III (Clone 59) 
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dG = -11.43 LPS Class III (Clone 59) 
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dG = -10.97 LPS Class III (Clone 59) 
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dG = -10.89 LPS Class III (Clone 59) 
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dG = -11.88 LPS Class III (Clone 59) 
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LPS Class IV 
 
dG = -12.95 LPS Class IV (Clone 94) 
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dG = -12.55 LPS Class IV (Clone 94) 
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dG = -12.03 LPS Class IV (Clone 94) 
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LPS Class V 
 
 
 
 
 
dG = -16.10 LPS Class V (Clone 69) 
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dG = -16.89 LPS Class V (Clone 69) 
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KDO Class I
 
 
 
 
dG = -16.35 KDO Class I 
 43 
  
 dG = -16.33 KDO Class I 
 44 
  
dG = -15.94 KDO Class I 
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dG = -16.59 KDO Class I 
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KDO Class II 
 
dG = -8.00 KDO Class II - Consensus 
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dG = -7.88 KDO Class II - Consensus 
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dG = -8.67 KDO Class II - Consensus 
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KDO Class III 
 
 
 
dG = -14.96 KDO Class III (Clone 38) 
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dG = -15.45 KDO Class III (Clone 38) 
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KDO Class IV 
 
 
 dG = -5.88 KDO Class IV (Clone 44) 
 52 
  
dG = -5.41 KDO Class IV (Clone 44) 
 53 
  
dG = -5.36 KDO Class IV (Clone 44) 
 54 
  
dG = -6.24 KDO Class IV (Clone 44) 
 55 
  
dG = -6.11 KDO Class IV (Clone 44) 
 56 
  
 
 
dG = -5.99 KDO Class IV (Clone 44) 
